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Effects of UVB-induced oxidative stress on protein
expression and specific protein oxidation in
normal human epithelial keratinocytes: a
proteomic approach
Marzia Perluigi1†, Fabio Di Domenico1†, Carla Blarzino1, Cesira Foppoli2, Chiara Cini1,2, Alessandra Giorgi1,
Caterina Grillo1, Federico De Marco3*, David A Butterfield4, Maria E Schininà1, Raffaella Coccia1

Abstract
Background: The UVB component of solar ultraviolet irradiation is one of the major risk factors for the
development of skin cancer in humans. UVB exposure elicits an increased generation of reactive oxygen species
(ROS), which are responsible for oxidative damage to proteins, DNA, RNA and lipids. In order to examine the
biological impact of UVB irradiation on skin cells, we used a parallel proteomics approach to analyze the protein
expression profile and to identify oxidatively modified proteins in normal human epithelial keratinocytes.
Results: The expression levels of fifteen proteins - involved in maintaining the cytoskeleton integrity, removal of
damaged proteins and heat shock response - were differentially regulated in UVB-exposed cells, indicating that an
appropriate response is developed in order to counteract/neutralize the toxic effects of UVB-raised ROS. On the
other side, the redox proteomics approach revealed that seven proteins - involved in cellular adhesion, cell-cell
interaction and protein folding - were selectively oxidized.
Conclusions: Despite a wide and well orchestrated cellular response, a relevant oxidation of specific proteins
concomitantly occurs in UVB-irradiated human epithelial Keratinocytes. These modified (i.e. likely dysfunctional)
proteins might result in cell homeostasis impairment and therefore eventually promote cellular degeneration,
senescence or carcinogenesis.

Background
The skin is the largest organ of the human body. It provides a major anatomical barrier between the internal
and external environment. The body is constantly
exposed to an array of chemical and physical exogenous
pollutants. The outermost layer of the skin is composed
predominantly by keratinocytes that provide a barrier
between the host and the environment. Keratinocytes are
continuously exposed to UV irradiation, which is able to
induce a dramatic surge of biological events such as sunburn, inflammation, cellular/tissue injury, cell death, and
skin cancer. Although UVB (290-320 nm) represents
only 4% of the total solar UV radiation, it is responsible
* Correspondence: demarco@ifo.it
† Contributed equally
3
Laboratory of Virology, IFO - Regina Elena National Cancer Institute - V.
Messi d’Oro, 156 - 00156 Rome, Italy

for the development of skin cancer in humans such as
melanoma as well as non melanoma skin cancer [1].
Increasing evidence indicates that the UVB response
in the skin is a complex and multifaceted biological process. The UVB signal transduction originates at multiple
intracellular sites and the cross talk between dedicated
molecular mediators acting within a complex signal network determines the fate of a UVB damaged cell. Even
if very little is known about the original signalling
mechanisms that trigger a UVB response in keratinocytes, it is well established that the detrimental effects of
this type of radiation are associated with the formation
of reactive oxygen species (ROS) [2,3].
ROS are formed and degraded by all aerobic organisms and are known to play a dual role in biological systems resulting either in beneficial or harmful effects.
Beneficial effects involve physiological roles in cellular

© 2010 Perluigi et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

Perluigi et al. Proteome Science 2010, 8:13
http://www.proteomesci.com/content/8/1/13

responses to noxious agents, for example in the defence
against infections, and in the function of a number of
cellular signalling systems [4,5]. Several cytokines,
growth factors, hormones, and neurotransmitters use
ROS as secondary messengers in the intracellular signal
transduction [6]. Conversely, at high concentrations due
to their high reactivity ROS are prone to cause damage
and are thereby potentially toxic, mutagenic or carcinogenic [7,8]. All major groups of bio-molecules can be
damaged by ROS action, undergoing structural and
functional modifications.
Proteins, due to a combination of their UV absorption
characteristics and their abundance in cells, are primary
targets of UV-mediated cellular damage. UV radiation
can damage proteins by direct oxidation or by covalent
binding of lipid peroxidation breakdown products,
resulting in loss of protein function and/or enzymatic
activity [9-11]. The ROS oxidative attack on proteins
causes reversible and/or irreversible modifications, such
as carbonylation, nitration, glycation, formation of
adducts with lipid peroxidation products and proteinprotein cross linking. These modifications determine
structural, functional and stability changes, leading to
loss of function, fragmentation, unfolding/misfolding,
protein aggregation and degradation.
Since proteins are the effectors of cellular functions,
we applied in the present study a proteomics analysis to
obtain a picture of target proteins that are specifically
altered by UVB-mediated oxidative stress (OS) in normal human epithelial keratinocytes (NHEK). We analyzed the protein expression profile and identified the
oxidatively modified proteins of UVB-treated cells compared to control cells.

Results
Identification of differentially expressed proteins

A proteomics approach was used to ascertain whether
the UVB generated OS determined a qualitative and/or
quantitative modification in the NHEK protein profiling.
The UVB dosage chosen (20 J/m2) was able to induce
intermediate cell damage without suppressing the cell
response mechanisms (see Additional file 1). Total proteins extracted from UVB-irradiated and from control
cells were subjected to two dimensional gel electrophoresis (2-DE). Software-assisted densitometric analysis of
resolved gels allowed a comparison of the respective
protein repertoires and the determination of quantitative
modifications in the UVB-irradiated cells as compared
to non-irradiated ones. Representative Coomassiestained gels are shown in Figure 1, panel a and panel b.
The overall 2-DE pattern of UVB-treated cells and control cells were similar. However 15 spots were found to
be differentially expressed with at least 1.5-fold increase
or decrease (p < 0.059) compared to control cells. To
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assess reproducibility, the correlation coefficient among
six replicated gels was calculated; the average r value of
0.9 indicated a high quality 2-DE gels and good reproducibility of culture and treatment conditions.
Figure 2 shows an enlarged image of 2-DE gel of
UVB-treated NHEK, with the differential expression of
protein spots highlighted by circles and numbers.
The spots of differentially expressed proteins were
excised from the gels, proteolysed and subjected to MS
analysis. The database search with data deriving from
Peptide Mass Fingerprint MALDI-ToF experiments
allowed the identification of the spots. The list of the
identified proteins is reported in Table 1, together with
their quantitative variations, expressed as fold compared
to control. 12 proteins were found to have higher abundance levels in UVB-irradiated NHEK compared to the
control group, while 3 proteins were found to have a
lower abundance level. All listed proteins included in
Table 1 had p-values = 0.05, good sequence coverage,
significant protein scores and similar observed and calculated molecular weights and isoelectric points.
Specific protein carbonyl level

Carbonylation is the most widely studied oxidative modification of proteins because of its ease in detection by
the Western blot. Indeed, the protein-bound carbonyl
groups upon reaction with DNPH generate stable protein-hydrazone complexes which are then easily detected
by specific antibodies. The specific carbonylation level of
each single spot was evaluated through the ratio
between the carbonyl level of a protein spot on the
nitrocellulose membrane and the protein level of its corresponding protein spot in the gel - assessed by Bio-Safe
Coomassie staining and image analysis - and expressed
as carbonyl level per unit of protein. In Figure 3 twodimensional carbonyl immunoblots from control and
UVB-treated NHEK are shown. 7 proteins resulted to be
significantly more oxidized in irradiated cells compared
to control cells. Table 2 illustrates the list of proteins
that were successfully identified by the mass spectrometry, along with protein scores, sequence coverage, pI,
Mw values and the increase of specific carbonyl levels.
Validation of identified proteins

To verify the proteomics and redox proteomics results,
validation studies on protein up- or down-regulation
and protein carbonylation were performed.
The modulation of protein expression level was validated by WB analysis in the case of glucose-regulated
protein 78 (GRP78) and HSP70. The results are shown
in Figure 4, where an increase of HSP70 and a parallel
decrease of GRP78 can be seen in irradiated cells, thus
confirming the same behaviour detected by proteomics,
i.e. GRP78 down-regulation and HSP70 up-regulation.
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Figure 1 2-DE proteomic maps of control (up) and UVB-irradiated (down) NHEK. Protein (150 μg) extracts were analysed in first dimension
(pH 3-10 linear IPG); second dimension was performed on slab gel (4-12% gradient SDS-PAGE). Protein detection was achieved using Biosafe
Coomassie staining.

Redox proteomics results were validated by WB
immunochemical detection of carbonylated proteins. In
Figure 5, the carbonyl levels of protein disulfide isomerase A3 (PDI A3), Annexin 2 (Anx2) and GRP78 in
UVB-treated cells were respectively about 180%, 160%
and 320% in comparison to those of control cells, thus
qualitatively confirming the redox proteomics findings.

The increase of carbonyl levels of PDI A3, Anx2 and
GRP78 in UVB-treated cells were more robust when
detected by the proteomics method. The differences in
the magnitude of fold changes of carbonyl levels between
the two techniques are likely because proteomics measures the carbonyl level per unit of protein, whereas WB
measures the carbonyl level of the total protein.
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Figure 2 Enlarged image of 2-DE proteomic map of UVB-irradiated NHEK. The spots of proteins differentially expressed in irradiated cells
respect to controls are represented by a progressive numeration (see Table 1).

Table 1 UVB-induced or suppressed proteins identified by mass spectrometry.
Spot n°

Protein name

Folda

Theorethical
Mw/pI

Sequence
Coverage
%

Protein
Score

P value

1

HSP 60

1.45

61187/5.70

31

195

<0.05

2

Prohibitin

29.3

29843/5.57

50

177

<0.05

3

HSP 70

1.9

73920/5.87

50

281

<0.05

4

Integrin alpha-3

9.1

119820/6.60

8

117

<0.05

5

Ornithine aminotransferase

5.2

48846/6.57

32

163

<0.05

6

Cytokeratin 5

9.1

62568/7.59

27

228

<0.05

7

Phosphoenolpyruvate carboxykinase

3.9

71447/7.56

15

87

<0.05

8

26S proteasome subunit 7

4.4

37060/6.29

28

71

<0.05

9

GRP 78

0.05

72402/5.07

15

74

<0.05

10

Proteasome subunit alpha type-5

2.2

26565/4.74

39

111

<0.05

11

Actin

0.05

42052/5.29

30

102

<0.05

12

HSC 71

0.17

71082/5.37

38

179

<0.05

13

Serotransferrin precursor

3.1

79280/6.81

14

128

<0.05

14

Proteasome subunit alpha type-6

10.6

27838/6.34

31

131

<0.05

15

Proteasome subunit alpha type-1

2.6

29822/6.15

26

86

<0.05

The peptide mixtures obtained from trypsin treated protein spots, were analyzed by MALDI-ToF-MS and the relative mass lists used for identification by the
Mascot program (Matrix Science).

In vivo PDI A3 redox status

To evaluate the redox status of PDI A3 in NHEK cells,
before and after treatment with UVB radiation, the cells
were treated with the membrane permeable alkylating
agent NEM to prevent disulfide exchange and freeze
redox status. Then, cell lysates were treated with a

second larger alkylating agent (AMS) that causes a shift
in mobility when the protein is separated by SDS-PAGE.
NEM alkylation performed on intact cells prevents AMS
modification of free thiol residues present in the proteins. The second step in the alkylation was carried out
after treating cell lysates with a thiol reducing agent that
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Figure 3 Two-dimensional carbonyl immunoblots from control (up) or UVB-irradiated (down) NHEK. Positions of the seven identified
proteins are shown on the blots. The spots are represented by a progressive numeration (see Table 2).

allows the modification of protein thiol residues present
as disulfide bonds in intact cells. Thus the oxidized
form of a protein can be resolved from the reduced one
by its decreased electrophoretic mobility.
Our results showed that in control cells PDI A3 was
present both in oxidized and reduced form. Accordingly,
WB analysis with anti-PDI A3 antibody revealed the
presence of two bands related to oxidized and reduced
forms of PDI A3 in NHEK untreated cells (Figure 6 lane

1). The treatment of cells with UVB radiation resulted
in a significant increase in the oxidized form of PDI A3
as revealed by mobility shift (Figure 6 lane 2).

Discussion
Exposure to UV radiation is the main risk factor for
developing skin cancer [12]. The description of molecular alteration associated with UV exposure is a fundamental step toward a deeper understanding of
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Table 2 Proteins with increased oxidation after UVB irradiation of NHEK cells.
Spot n°

Protein name

Fold

Theorethical
mw/pI

Sequence
Coverage
%

Protein
Score

P value

<0.002

1

Glucosidase 2 b subunit

4.2

60357/4.33

16

131

2

GRP 78

4.5

72402/5.07

12

80

<0.02

3

Heterogeneous nuclear ribonucleoproteins C1/C2

1.55

33707/4.95

30

67

<0.04

4

Protein disulfide-isomerase A3

4.2

57146/5.98

42

226

<0.002

5

Actin-related protein 3

11.6

47797/5.61

19

110

<0.015

6

a-enolase

3.4

47481/7.01

31

112

<0.02

7

Annexin 2

5.1

36201/8.57

56

104

<0.02

For each protein the carbonyl immunoreactivity/protein expression values were averaged (n = 6) and expressed as fold increase in irradiated cells compared to
control.

(a)

CTR

UV

(b)

UV

CTR

Grp 78

Hsp 70

-actin

-actin
180

% of CTR

% of CTR

100

50

120

60

0

0

CTR

UV

CTR

UV

Figure 4 Western blot for validation of identified proteins and their modulation in UVB-treated NHEK. Total proteins (40 μg) extracted
from irradiated and control cells were loaded onto a 12% SDS-PAGE gel, blotted onto nitrocellulose membrane and challenged with specific
GRP78 and HSP70 antibodies. Western blot analysis confirmed proteomic results of decreased levels of GRP78 (a) and increased levels of HSP70
(b) in UVB-treated NHEK cells compared with control cells. Immunoblots were scanned by densitometry and all values were normalized to bactin. Densitometric values are given as percentage of CTR values (n = 3) and represent the mean ± SEM of three independent experiments. * p
< 0.001 vs CTR.

carcinogenesis. The most immediate effect of UV interaction with living matter is the generation of reactive
oxygen and nitrogen species (ROS and RNS). These
highly reactive intermediates have the potential to attack
and modify virtually any molecular component of the
cell and are therefore considered the ultimate pathogenetic factor for senescent decay and degenerative disorders. Keratinocytes are the elective component of skin
and mucosae and because of their physiologic role they
are continuously exposed to UV irradiation. In the current study, we used a parallel proteomics and redox proteomics approach to identify those proteins which are
differentially expressed as well as those specifically

oxidized in normal human epithelial keratinocytes
(NHEK) upon UVB-irradiation. This work ideally
extends to NHEK a similar analysis previously performed on transformed keratinocytes [13].
Our results showed that in UVB-exposed cells 12 proteins were up-regulated, 3 proteins appeared down-regulated and 7 proteins were specifically oxidized. A
number of defense and stress-related pathways were
affected, including chaperones function, cell adhesion,
cytoskeleton maintenance, misfolded proteins removal,
cell growth and tumor suppression.
Following a toxic stimulus one of the most obvious
effects is the accumulation of damaged and misfolded
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Figure 5 Protein carbonyl levels of PDI A3, Anx2 and GRP78. Data represent the alteration of the protein carbonyl levels in UV-treated NHEK
cells compared to control cells using traditional immunochemical detection. Error bars indicate S.E.M for 3 samples in each group. Measured
values are normalized with the mean of the control cells. *P < 0.005.

proteins. These have to be removed to avoid the deregulation or the suppression of related pathways. In this
frame it is not surprising to find an increased expression
of four subunits of the proteasome system, namely 26S
subunit 7, subunit alpha type-1, type-5 and type-6. Proteasome is the major proteolytic system involved in the
removal of abnormal and oxidatively damaged proteins
[14]. Several studies reported a decrease of the proteasome activity and content in a number of degenerative
and possibly neoplastic conditions [15,16] resulting in
the accumulation of modified proteins that are able to
prime deregulated functions. The up-regulation of the
proteasome system in NHEK exposed to UVB irradiation suggests an appropriate response of these cells consistent with an increased activity of damaged proteins
removal in order to counteract the toxic effect of oxidative agent. Indeed, cells exposed to OS are particularly
dependent on the proteasome activity for removal of

oxidized proteins which have been reported to be highly
sensitive to proteasome degradation [14,17].
The findings of increased expression of both HSP60
and HSP70 underscore another cytoprotection mechanism active in NHEK. Heath Shock Proteins (HSPs) are a
highly conserved system involved in protein misfolding
prevention and repair [18]. They are induced by a broad
spectrum of stresses and their role in directing defence
mechanisms within cell fighting has been found in several
stress conditions. Most HSPs are molecular chaperones
sensing unfolded proteins and mediating their refolding,
transport and interaction. Thereby, HSPs ensure maintenance of homeostasis and help cells to regain equilibrium
following a perturbation. Recent evidence suggests that
HSPs, by decreasing intracellular ROS in a glutathionedependent way, enhance cell survival to OS [19].
In addition, our proteomic analysis indicated that UVB
increased the expression of both prohibitin and alpha-3
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Figure 6 PDI A3 redox status. The redox status of PDI A3 was determined by sequential alkylation with NEM and AMS, SDS-PAGE and Western
blotting with mouse anti-PDI A3 antibody. Protein bands were revealed by ECL assay using peroxidase-conjugate anti-mouse antibody and
analyzed with a Kodak Image station 2400R equipped with a CCD. Lane 1: control, lane 2: UVB-irradiated NHEK. Upper band: oxidized form;
lower band: reduced form.

integrin in the irradiated cells. Prohibitin is correlated
with the process of senescence and is associated with
antiproliferative activity in mammalian cells [20]. Therefore a role as tumour suppressor has been postulated for
this growth negative regulator factor [21]. Integrin is a
family of cell-surface receptors that couple the extracellular matrix outside a cell to the cytoskeleton inside the cell
and transmit signals bidirectional across the plasma
membrane by undergoing large-scale structural rearrangements. Mediating the cell-cell interaction during adhesion [22], they play an essential role in creating tight
intercellular association. By regulating cell-cell and cellmatrix contacts, integrins participate in a wide-range of
biological interactions and influence several important
biologic processes, including growth, development, and
differentiation. In particular, alpha 3-beta 1 integrin is
necessary and sufficient for maximal keratinocyte survival
on laminin-5 [23] and, since the invasive growth of various types of carcinomas is associated with a generalized
decreased expression of integrin alpha subunits [24], a
negative correlation between this protein and cancer
growth can be expected. Because of the above reported
findings, the concomitant increase of alpha-3 integrin
and prohibitin expressions in NHEK indicates a homeostatic response of the cell to the potentially carcinogenic
UVB stimulus with an up-regulation of two proteins with
anti-proliferative and anti-invasive activities.

Among the identified proteins, our results showed a
consistent increase of cytokeratin 5 expression after
UVB irradiation. Cytokeratins belong to a large family of
intermediate filaments that are important components
of cytoskeleton of epithelial cells [25]. They can interact
tightly with the plasma membrane, particularly at sites
of cell-cell and cell-matrix adhesion at desmosomes and
hemidesmosomes, multiprotein complexes forming a
continuous link which secures the attachment of the
basal keratinocytes to the underlying basement
membrane.
Both cytokeratins and integrins have a crucial importance in the maintenance of epithelium structure and
integrity. Because proper keratin gene expression and
filament organization are absolutely necessary for normal functioning of the skin [26] and integrins are the
main way by which cells both bind to and respond to
their environment [27], the up-regulation of these
classes of proteins could represent a mechanism for
maintenance of functional properties of the epidermis.
Taken together, our results outline a consistent pattern indicating the ability of keratinocytes to counteract
the harmful effects of UVB-induced oxidative stress.
These results are in agreement with our previous report
[28] showing that NHEK are considerably resistant to
UVB irradiation, whose effect was rather mild and consisted in a moderate inhibition of proliferation, a mild
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reduction of mitochondrial activity, an appropriate
induction of detoxifying and antioxidant enzymes while
only a moderate induction of apoptotic cell death
occurred.
Proteomics can also be utilized to analyze the posttranslational modifications that regulate protein functions [29]. Through the redox proteomics approach we
found 7 proteins with increased levels of carbonylation,
namely protein-disulfide isomerase A3 (PDI A3), glucose-regulated protein 78 (GRP 78), actin-related protein 3 (Arp-3), glucosidase II b subunit, Annexin 2 (Anx
2), alpha-enolase and heterogeneous nuclear ribonucleoproteins C1/C2. (hnRNP).
PDI A3, also known as ERp57 or GRP58, is a member
of the protein-disulfide isomerases family. Mainly localized in the endoplasmic reticulum (ER), it is strictly
redox sensitive and it is involved in the correct folding
and disulfide bond rearrangement of misfolded glycoproteins [30] and in the folding of major histocompatibility complexes [31,32]. In addition, PDI A3 mediates
the integrin-dependent cell adhesion [33] and it is also
involved in cell-cell interaction, gene expression, actin
filament polymerization and regulation of reception
functions. The elevated level of carbonylation here
reported is not surprising considering that because of
the function of the redox sensitive protein, PDI A3 is an
elective target of UVB dependent OS. The consequent
structural, functional and stability modifications, reasonably associated with loss of function, may deregulate
those pathways in which are involved proteins whose
folding is controlled by PDI A3. Interestingly, similar
pathogenic mechanisms have recently been described in
the homeostatic unbalance of degenerative diseases such
as sporadic Parkinson’s and Alzheimer’s diseases [34]. In
both cases nitrosylation of cysteine residues in the active
sites of PDI determines that the enzyme cannot function
as a folding catalyst, thereby leading to the accumulation
of unfolded/misfolded proteins and their consequent
degradation through the proteasome pathway.
Moreover, UVB irradiation determined both down-regulation and oxidation of GRP 78. This protein, also known
as HSPA5 or BiP, is a member of the HSP70 family of proteins which function as molecular chaperones by binding
transiently to proteins traversing through the ER and facilitating their folding, assembly, and transport. During the
ER stress response, GRP78 binds misfolded proteins and
translocates through ER membranes for their proteasomal
degradation [35]. Decreased functionality of GRP 78 contributes to the accumulation of misfolded proteins that, if
not properly degraded, have the ability to form toxic
aggregates inside the cell.
Arp-3 (Actin-related protein 3) is a component of the
Arp2/3 complex that is related in sequence and structure to actin and that binds ATP. Arp2/3 complex is an
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activator of actin filament nucleation and branching [36]
and several lines of evidence indicate that it is necessary
for cell protrusive activity associated with cell migration
and invasion. We found that Arp-3 was consistently oxidized following UVB irradiation. This may lead to incorrect assembly of actin filaments and consequent
alteration of cytoskeleton organization.
An increased oxidation of glucosidase II subunit beta
was also found. Glucosidase II is one of the early N-glycan processing enzymes and a major player in the glycoprotein folding quality control. It is an ER enzyme that
cleaves sequentially the two innermost a-1,3-linked glucose residues from N-linked oligosaccharides on nascent
glycoproteins. This processing allows the binding and
release of monoglucosylated glycoproteins with calnexin
and calreticulin, the lectin-like chaperones of the ER
[37]. An increased carbonylation level of b-subunit following UVB irradiation could lead to a decrease of enzymatic activity, finally resulting in an impairment of
glycoprotein folding.
Interestingly, we found that Anx2 showed a significant
increase of carbonyl levels in UVB-irradiated NHEK
cells compared with control cells. Annexins are a family
of proteins that bind acidic phospholipids in the presence of Ca2+. Their interaction with biological membranes has led to the suggestion that these proteins may
play a role in membrane trafficking events such as exocytosis, endocytosis and cell-cell adhesion [38,39].
Recent studies suggest that Anx2 is regulated by the cellular redox status [40]. Therefore, Anx2 is an oxidatively
labile protein and represents a selective target of oxidative damage mediated by UVB irradiation. We found a
similar increase of Anx2 oxidation in HPV-transformed
keratinocytes upon UVB exposure [13].
HnRNP C1 and C2 are involved in DNA repair and it
has been shown that they play a pivotal role in coordinating repair pathways following exposure to ionising
radiation, through protein-protein interactions and transcript regulation of key repair and stress response
mRNA [41].
Since the susceptibility of a-enolase to different conditions of OS is well documented by several authors
[42,43], we propose that its oxidation following UVB
irradiation can be regarded as a non-specific event.
Essentially, oxidatively modified proteins are either
functionally inactive or deregulated [44]. These structural and functional oxidative modifications could compromise the ability of cells to regulate homeostasis and
account for the risk of cellular damage following UVB
irradiation.

Conclusions
In this study the effect of a subtoxic dose of UVB on
proteome of normal human epithelial keratinocytes has
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been evaluated. In addition, the specific protein oxidation has been analyzed by the redox-proteomics
approach. Among the proteins found up-regulated, of
particular interest are those implicated in cell response
to oxidative stress, i.e. HSPs and proteasome. On the
other hand, proteins involved in protein folding, such as
GRP78 and PDI, were found more oxidized in irradiated
cells.
In conclusion, our results outline the ability of NHEK
to activate some stress response pathways consistent
with a cell protection response. However it is important
to highlight that this thinly regulated cellular homeostasis may be overwhelmed by the consistent oxidation of
target proteins. Further studies are needed to identify
which molecular mechanisms could alter the balance
between defence systems and accumulating oxidative
damage causing the shift towards a pathologic condition.

Materials and methods
Cell cultures and UVB irradiation

Normal human epithelial keratinocytes (NHEK) were
obtained from children’s foreskins kindly donated by
patients attending the general surgery division at the
Ospedale S. Pertini (Rome, Italy), whose parents had
released a full informed consent. NHEK were isolated
and grown according to standard procedures [45] with
minor modifications. Briefly, after scraping away excess
fat and subcutaneous tissue, the foreskins were floated
in 0.25% trypsin solution at 4°C overnight. The epidermis was then lifted off and placed in 10 ml of 0.5% trypsin-EDTA (Invitrogen Life Technologies, s.r.l. San
Giuliano Milanese, Italy) at 37°C for 1 h under continuous mild stirring. Trypsin was neutralised by soybean
trypsin inhibitor, the cell suspension was pelletted for
10 min at 200 × g, washed twice in phosphate buffered
saline (PBS) and cultivated in keratinocytes serum free
medium (K-SFM) (Invitrogen). Cells were maintained in
a humidified incubator with 5% CO2 at 37°C and passaged twice a week at such a density they never reached
80% confluency. To avoid bias of senescence modification in cell metabolism, cells between third and eighth
passages were used in the present study. For UVB treatment, cells were plated in a 100 mm/petri dish at a density of 80,000 cells/cm 2 (i.e. 50% confluency).
Immediately before irradiation, the medium was
removed and the monolayers were exposed to UVB in a
home-made irradiation hood. To prevent overheating of
monolayer, dishes were seated on a water bath at 37°C
during the whole irradiation. UVB source was provided
by a bank of Sankyo Denki G15T8E fluorescent tubes
emitting 270-320 nm wavelength with a peak at 313
nm. The energy actually incident onto the working area
was measured by a UVX Radiometer (UVP Inc., Upland,
CA) and expressed in J/m2. The UV dosage of 20 J/m2
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(8 second exposure time) was chosen according to the
results obtained in our previous studies [13] Such a
dose was able to induce intermediate cell damage without suppressing the cell response mechanisms (see
Additional file 1). After UV exposure, fresh medium was
added and the cultures were further incubated. For
negative control, cultures were decanted and placed in
the irradiation chamber while keeping the UVB lamps
switched off. Five hours after irradiation, cells were
washed twice with ice cold PBS, scraped with a rubber
policeman and pelletted.
Sample preparation

Cell pellets were lysated in 10 mM HEPES buffer (pH
7.4) containing 137 mM NaCl, 4.6 mM KCl, 1.1 mM
KH2PO4, 0.1 mM EDTA, and 0.6 mM MgSO4 as well as
proteinase inhibitors: leupeptin (0.5 mg/ml), pepstatin
(0.7 μg/ml), type II S soybean trypsin inhibitor (0.5 μg/
ml), and PMSF (40 μg/ml). Cell lysates were centrifuged
at 14,000 × g for 10 min to remove debris. Protein concentration in the supernatant was determined by using
the Coomassie (Bradford) Protein Assay (Pierce, Rockford, IL, USA).
Two-dimensional gel electrophoresis (2-DE)

The analysis was performed as previously described [13].
Sample volumes equivalent to 150 μg proteins were precipitated by adding of 100% ice-cold trichloroacetic acid
(TCA) to a final concentration of 15% and placed on ice
for 10 min. Precipitates were centrifuged at 15,000 × g
for 2 min. The pellets were washed three times with
0.5 ml ethanol/ethyl acetate 1:1 solution. After centrifugation and washing, the samples were dissolved with
200 μL of rehydration buffer (8 M urea, 20 mM dithiothreitol, 2.0% (w/v) CHAPS, 0.2% Biolytes, 2 M thiourea
and bromophenol blue).
For the first-dimension electrophoresis, 200 μL of
sample solution were applied to a ReadyStrip™ IPG strip
pH 3-10 (Bio-Rad Laboratories S.r.l., Segrate, Milano,
Italy). The strips were soaked in the sample solution for
1 h to allow the uptake of proteins. The strip was then
actively rehydrated in a Protean IEF Cell Apparatus
(Bio-Rad) for 16 h at 50 V. The isoelectric focusing was
performed at 300 V for 2 h linearly; 500 V for 2 h linearly; 1000 V for 2 h linearly, 8000 V for 8 h linearly and
8000 V for 10 h rapidly. All the processes above were
carried out at room temperature. The focused IEF strips
were stored at -80°C until second dimension electrophoresis was performed.
For second dimension electrophoresis, thawed strips
were equilibrated for 10 min in 50 mM Tris-HCl (pH
6.8) containing 6 M urea, 1% (w/v) sodium dodecyl sulfate (SDS), 30% (v/v) glycerol, and 0.5% dithiothreitol,
and then re-equilibrated for 15 min in the same buffer
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containing 4.5% iodacetamide in place of dithiothreitol.
Linear Gradient (4-12%) Precast criterion XT gels (BioRad) were used to perform second dimension electrophoresis. Precision Protein™ Standards (Bio-Rad) were
run along with the sample at 200 V for 65 min.
For expression analysis, after electrophoresis the gels
were incubated 20 min in fixing solution (7% acetic
acid, 10% methanol), stained for 1 h in approximately
40 ml of Bio-Safe Coomassie Gel Stain (Bio-Rad) under
continuous gentle agitation and destained overnight in
deionized water.
Western blot immunochemical detection of protein
carbonyl levels

For the protein oxidation analysis, gels were transferred
to nitrocellulose membrane (Bio-Rad) using Criterion
Blotter apparatus (Bio-Rad) at 100 V for 1 h according
to the supplier’s instructions. The carbonyl levels were
detected by post-Western blot derivatization of 2D
nitrocellulose membrane [46]. Briefly, following the electroblotting procedure, the nitrocellulose membranes
were equilibrated in 20% methanol for 5 min and then
incubated in 2 N HCl for 5 min. Next, membranes were
incubated in 0.5 mM 2,4-dinitrophenyl hydrazine
(DNPH) solution for 5 min sharp. The membranes were
washed three times in 2 N HCl and five times in 50%
methanol (5 min each wash). The 2,4-dinitrophenyl
hydrazone (DNP) adducts of the protein carbonyls were
detected on the nitrocellulose sheet using a primary rabbit antibody (Millipore Corp., MA, USA) specific to
DNP-protein adduct (1:100), followed by a secondary
goat anti-rabbit IgG alkaline-phosphatase conjugated
antibody (Sigma-Aldrich, Milano, Italy). The resultant
stain was developed using 5-bromo-4-chloro-3-indolyl
phosphate/nitro blue tetrazolium (BCIP/NBT) solution
(SigmaFast tablets from Sigma).
Image Analysis

The 12 gels (n = 6 controls and n = 6 UVB-treated
cells) and 12 nitrocellulose blots were scanned and
saved in TIF format using a Scanjet 3300C (Hewlett
Packard). PDQuest 2D Analysis Software (version 7.2.0,
Bio-Rad) was used for protein spot matching and analysis and to compare proteins and DNP immunoreactivity
content between UV-treated and control cells. This software offers powerful comparative analysis and is specifically designed to analyze many gels or blots at once.
Powerful automatching algorithms quickly and accurately match gels or blots and sophisticated statistical
analysis tools identify experimentally significant spots.
The principles of measuring intensity values by 2-D analysis software were similar to those of densitometric
measurement. The average mode of background subtraction was used to normalize intensity values amount
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of protein (total protein on gel versus DNP-bound protein on the membrane) per spot. Once spots had been
matched, images were manually edited to confirm
proper spot detection and matching. The intensity of
each protein spot was normalized as a percentage of
total volume, corresponding to pixel intensity integrated
over the area of each spot and divided by the sum of all
spots in the gel to account for staining variability. Following manual editing and matching confirmation, average normalized spot volumes (pixel intensity over spot
area) were compared between UVB-treated and control
cells. Target candidates were identified as protein spots
that changed at least 1.5-fold versus their specific control or alternatively that were either present or absent
either in control or in experimental gel. Protein spots
with greater than 50% internal variance were removed
from the target list. Finally, remaining individual candidates were visually examined to ensure that the change
was consistent in all gels.
After completion of spot matching, the normalized
intensity of each protein spot from individual gels was
compared between groups using statistical analysis. Statistical significance was assessed by a two-tailed Student’s t-test, the method of statistical analysis most
appropriate for proteomic analysis of small number of
protein spots [47]. P values < 0.05 were considered significant for comparison between control and experimental data (UV-treated NHEK cells).
Protein identification by mass spectrometry

Selected spots were manually excised from gels and submitted to trypsin proteolysis, as described by Mignogna
et al. [48], with little difference. In short, after four
destaining steps using 5% (30 min), 50% (2 times, 30
min each), and 100% (10 min) acetonitrile in 25 mM
ammonium bicarbonate, about 165 ng of trypsin (modified porcine variant, Promega, Madison, WI, USA) were
solubilised in 15 μl of a 25 mM ammonium bicarbonate
digestion buffer and added to each vacuum-dried gel
spot. Digestion was performed at 37°C overnight. The
peptide mixtures were eluted directly onto an appropriate MALDI target plate with 1.3 μl of a-cyano-4hydroxy-trans-cinnamic acid matrix solution (2 mg/ml)
in 70% acetonitrile containing 0.1% TFA (v/v). MALDIToF MS analyses were performed in a Voyager-DE STR
instrument (Applied Biosystems, Framingham, MA,
USA) equipped with a 337 nm nitrogen laser and operating in reflector mode. Mass data were obtained by
accumulating several spectra from laser shots with an
accelerating voltage of 20 kV. All mass spectra were
externally calibrated using a standard peptide mixture
containing des-Arg-bradykinin (m/z 904.4681), angiotensin I (m/z 1296.6853), 1-17 (m/z 2093.0867), and 1839 (m/z 2465.1989) adrenocorticotropic hormone
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fragments. Two tryptic autolytic peptides were also used
for the internal calibration (m/z 842.5100 and
2807.3145). Several ion signals were submitted to fragmentation by post source decay (PSD). PSD fragment
ion spectra were obtained after isolation of selected precursor ions using a timed ion selector (TIS), performing
10 steps of the reflectron voltage; for each individual
step the voltage was decreased 25% with respect to the
previous step. The individual segments were automatically stitched together. The PSD fragment ions were
measured as isotopically averaged masses. Calibration
was performed with PSD spectra of angiotensin.
The MS and MS/MS data were analysed by MoverZ
program (v. 2002, http://bioinformatics.genomicsolutions.com), according to default parameters.
Identification by peptide mass fingerprint (PMF), with
the monoisotopic mass list obtained from each spot, after
exclusion of expected contaminant mass values by Peak
Erazor program http://www.protein.sdu.dk/gpmaw/Help/
PeakErazor/peakerazor.html, was performed using the
Mascot search engine (v. 2.1) against SwissProt database
(v. 52.2, entries 263525). Up to one missed cleavage, 50
ppm measurement tolerance, oxidation at methionine
(variable modification) and carbamidomethyl cysteine
(fixed modification) were considered. Post-translational
modifications were not considered. Identifications were
validated when the probability-based Mowse protein
score was significant according to Mascot [49].
Identification by tandem mass spectrometry analyses
was performed using the Mascot search program (Version 2.1) against human SwissProt database (v. 54.6×,
290484 sequences; 107100015 residues; date 2008/01/
03), with mass tolerance of ± 0.5 Da for the precursor
ions and ± 0.8 Da for the fragment ions, with carbamidomethyl cysteine as fixed modification. The expectation
value (E-value) for accepting identification by MS/MS
spectra was set to < 0.1, with a default significance
threshold p < 0.05, that provides a 95% confidence level.
Western blot analysis

For Western blot analysis a 40 μg aliquot of each protein sample was separated through a 12% SDS-PAGE
and electroblotted (1 h at 100 V) to nitrocellulose membranes (Bio-Rad) using 25 mM Tris, 192 mM glycine
and 20% (v/v) methanol. Equal protein loading was confirmed by 0.2% v/v Ponceau S in 7% acetic acid blot
staining. Blotted membranes were blocked with 5% nofat milk and challenged with appropriate primary antibodies, namely Anx2 mouse monoclonal IgG (Abnova
GmbH, Heidelberg, Germany), GRP78 rat monoclonal
IgG (Santa Cruz Biotech. Inc., Santa Cruz, CA, USA)
and PDI A3 antibody (kindly provided by Prof. F. Altieri,
Rome) for 1 h at room temperature. Unbound antibodies were removed by washing it twice with Tris-
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buffered saline containing 0.1% Tween 20, for 5 minutes. The membranes were then incubated with horseradish peroxidase-conjugated secondary antibody diluted
1:5000. Protein bands were visualized with ECL PlusTM
(Amersham, NJ, USA) according to the manufacturer’s
protocol.
Immunoprecipitation

The immunoprecipitation was performed as described by
Lauderback et al. [50] Antibodies were added directly to
cell lysates with IP Buffer (NaCl 0.15 M, NP-40 0.5%,
Tris-HCl 50 mM pH 7.2, protease inhibitors) and the
mixture was incubated on a rotary mixer overnight at 4°
C. The antigen/antibody complexes were precipitated
with protein-A-conjugated agarose beads if the antibodies were raised in rabbit or with protein G-conjugated
agarose beads if the antibodies were raised in goat or
mouse. Agarose beads were added in 50 μl aliquots from
a stock of 300 mg/ml in PBS and mixed on a rotary
mixer for 1 h at room temperature. Beads were then pelletted and washed three times with washing buffer (pH 8,
50 mM Tris HCl, 150 mM NaCl, 0.1% Tween 20). Proteins were eluted in IEF rehydration buffer followed by a
2D electrophoresis (Anx2) or in sample buffer for postWestern blot analysis (PDI A3, Anx2 and GRP78).
Determination of redox status of Protein disulfide
isomerase A3 (PDI A3)

To determine the in vivo redox status of PDI A3/ERp57,
UVB-treated NHEK were subjected to thiols sequential
alkylation with N-ethylmaleimide (NEM) and 4-acetamido-4’-maleimidylstilbene-2,2’-disulfonic acid (AMS),
as described by Jessop and Bulleid [51] and modified
according to Kim-Han and O’Malley [52]. In short, cells
were incubated with 25 mM NEM to block free thiols
and then lysed in 50 mM Tris-HCl pH 7.5, 150 mM
NaCl, 2 mM EDTA, 1% Triton X-100 and protease inhibitor cocktail. Lysates were then treated with 2% SDS
and 50 mM DTT in order to reduce all thiol residues,
precipitated with 10% trichloroacetic acid and washed
with 70% ice cold acetone. Finally, proteins were resuspended in 80 mM Tris-HCl pH 6.8, 2% SDS, protease
inhibitor cocktail and 30 mM AMS in order to alkylate
free thiol residues. Samples were separated by 10% SDSPAGE and analyzed by Western blot with PDI A3 specific antibody [51,52]. AMS alkylated proteins (i.e. proteins with oxidised thiol groups) had a reduced
electrophoretic mobility compared with non derivatized
(reduced) proteins.
Statistical analysis

Two-sided, Student’s t-tests were used to analyze differences in protein levels between UVB-treated NHEK cell
lysates and control untreated lysates. According to the
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exhaustive analysis of Maurer and Peters [47] the significance of carbonylation change of specific proteins was
evaluated via nonparametric Mann-Whitney-Wilcoxon
test. P < 0.05 was considered statistically significant.
Additional file 1: Identification of UVB sub-toxic dose. Data provided
describe the UVB Dose-response and time-course tissue culture toxic
effect; Description of methods, results, comments, figures and references
are provided.
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